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It is shown that in a heterostructure where screening is eliminated, the Ampe´re-Maxwell law of
electrodynamics implies that a dc or ac spinomotive force can be inudced with a time rate of
change of a transverse electric field, and the magnetic analog of Ampe´re law implies that a dc or ac
spin current can generate a transverse electric field at the same frequency outside the spin-current
channel. Both effects are quite weak but may be of some usefulness.
PACS numbers: 85.75.-d,72.25.Pn,72.25.Ba,72.25.Dc
The term “spintronics” has appeared in sicentific lit-
erature for almost a decade. [1] It is broadly defined to
mean any electronic application where the spin degree of
freedom of an electron is non-trivially utilized. [2] The
word, however, suggests another narrower definition, i.e.,
electronics with the electron charge replaced by the elec-
tron spin. In this narrower definition, an electric current
is replaced by a spin current, which means that the spin-
up and -down electrons are moving in opposite directions.
(The direction of a spin current is then that of the spin-up
electrons. In a non-spin-polarized conductor such a spin
current is not accompanied by a net charge current.) At
the same time, an electromotive force (emf) is replaced
by a spinomotive force (smf), which pushes spin-up and -
down electrons in opposite directions with the same force
magnitude. (The direction of an smf is then that of the
forces acting on the spin-up electrons.) One may also de-
fine such terms as spinoresistance, and, for an ac spin cur-
rent, spinocapacitance and spinoinductance, and even en-
tertain such notions as spinotransformer, spinorectifier,
spinotransistor, etc. Will this whole line of thoughts [3]
be as practically useful as electronics? An important pre-
requesite for an yes answer is to have a convenient power
source for spin current, i.e., a device to generate an smf.
Recently, the idea of a “spin-cell” has been introduced, [4]
which has to some extend achieved such a goal. However,
in electronics, by far the most convenient way to provide
an emf is through induction — i.e., via Faraday’s law,
∇ × E = − ∂B/∂t. It has the additional advantage of
allowing either a dc or an ac emf to be generated. One
purpose of this letter is to show that there is indeed an
inductive way to generate an smf, but not by Faraday’s
law, but rather by its magnetic analog:
∇×H = ∂D/∂t (+Je) , (1)
or the Ampe´re-Maxwell law (with the current term en-
closed in brackets not important here). [5] Unfortunately,
as we shall see, this process can only generate a very weak
smf, although probably sufficient for some purposes. A
second purpose of this letter is to show how the mag-
netic analog of the Biot-Savart law, or equivalently, that
of Ampe´re’s law,
∇×E = −Jm , (2)
allows a simple electromagnetic detection of a (dc or ac)
spin current, but the sensitivity is quite low, so only very
large spin currents can be detected this way. Still, we
think that this second idea can also have some usefulness,
since observing this effect would be a solid confirmation
of the existence of a spin current.
If electrons had only spin property but no charge prop-
erty (like neutrons), the inductive way to generate an
smf and the electromagnetic way to detect a spin current
would be already contained in a paper published by the
author a long time ago. [6] (That work was presented
in the context of superfluid 3He-A1, so it can hardly
reach the spintronics community. The magnitudes exam-
ined there were even smaller, due to the involvement of
3He nuclear magnetic moment, rather than the electronic
magnetic moment involved here, and the very small su-
perfluid fraction ρs/ρ, because the A1 phase of superfluid
3He exists in a narrow temperature range near Tc only.)
The fact that electrons also have charge property requires
a modification of the idea presented there. More specif-
ically, it is the necessity to solve the problem that an
external electric field applied to a conductor is screened,
and cannot reach most of the electrons in a conductor.
This problem may be simply solved by fabricating a het-
erostructure, which is made of alternating layers of con-
ductors and insulators, as is schematically illustrated in
Fig. 1. The thicknesses of these layers do not have to be
strictly uniform, and the interfaces need only be reason-
ably flat (just to reduce surface scattering). Each con-
ducting layer needs only to be well connected and thinner
than the screening length — hence it may be necessary
to use conductors with low carrier concentrations so that
the screening length can encompass several atomic lay-
ers. Each insulating layer also needs to be so thick as to
prohibit tunneling between the neighboring conducting
layers, but not too thick in order to allow many con-
ducting layers to be packed into a convenient size. In
this way screening can be essentially suppressed for elec-
tric field applied perpendicular to the layers. The total
number of conducting layers must be such that their to-
tal thickness is macroscopic, so that the device can drive
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FIG. 1. A heterostructure made of alternating conducting
(grey) and insulating (white) layers (perpendicular to the y
axis) for generation and detection of spin current. The two
end faces perpendicular to the x axis are coated with conduct-
ing material so that leads attached to them are connected to
all conducting layers of the heterostructure.
a macroscopic spin current. Each conducting layer can
be taken as a Lx × Lz rectanglular sheet, as shown in
Fig. 1, where the edges of these sheets are parallel to
the x ans z axes. The x = ±(1/2)Lx end faces of this
heterostructure must still be coated with a thin layer of
conducting material — the two Ly×Lz rectangular con-
ducting sheets at x = ±(1/2)Lx in Fig. 1, so that one
lead connected to one end face can send spin current into
all conducting layers in the heterostructure, and another
lead connected to the other end face can take spin current
out of them. The leads then serve as the two terminals
of this “spinovoltage generator”. [7]
To generate a dc smf Em across these two terminals,
one must subject this heterostructure to a uniform con-
stant time rate of change of electric field dEy/dt in the y
direction, i.e., perpendicular to the conducting sheets in
the heterostructure. Let the spin-up(down) electron den-
sity in the conducting sheets be denoted as n↑ (n↓) (de-
fined with respect to the z axis). Then the spin-up elec-
trons contribute a magnetization Mz↑ = −µBn↑ in the
conducting sheets (in the z direction), and the spin-down
electrons contribute a magnetization Mz↓ = +µBn↓ in
the conducting sheets, where µB is the Bohr magneton.
Assuming that the electron densities are uniform in the
conducting sheets, Mz↑ (Mz↓) is equivalent to a surface
magnetic-charge density σm↑ = Mz↑ (σm↓ = Mz↓) at
z = +Lz/2, and another surface magnetic-charge den-
sity −σm↑ = −Mz↑ (−σm↓ = −Mz↓) at z = −Lz/2. If
the system is unpolarized, these magnetic charge densi-
ties exactly cancel each other. But that does not pre-
vent opposite magnetic charges from moving in oppo-
site directions if they are subject to a magnetic field.
This magnetic field is induced by the applied dEy/dt
according to the Ampe´re-Maxwell law (Eq. 1) and is
Hx± = ±ǫ0 (Lz/2) (dEy/dt) at z = ±Lz/2 where we
have neglected the dielectric property of the conduct-
ing sheets. The forces acting on all magnetic charges
at z = ±Lz/2 due to spin-up (or down) electrons are
then in the same direction, and have the magnitude
F↑(↓) = ±σm↑(↓)LxLyHx± This leads to a volume force
acting on all spin-up (down) electrons uniformly in −x
(+x) directions (if dEy/dt > 0), and is therefore an smf.
We propose to artificially measure it in terms of the fa-
miliar unit, volt (V) (which actually means to measure
the potential energy gain per electron in eV). Then the
smf induced in this device (in the x direction) is
Em = −ǫ0 (µB/e)Lx (dEy/dt) . (3)
One can also generate an ac smf this way, if one re-
places the constant dEy/dt by the time rate of change of
an ac electric field in the y direction: Ey(t) = E0 cosωt.
Then one has
Em(t) = ǫ0 (µB/e)LxE0 ω sin(ωt) . (4)
To estimate the magnitude of this ac smf, one needs
to use µB = 9.27410 × 10
−24J/T. This µB must still
be multiplied by the magnetic permeability of vacuum,
µ0, before it should be used in Eq. 4, since a magnetic
dipole moment µ appears in such formulas as (energy)
U = −µ · B, and (torque) N = µ × B, which contains
B rather than H, so it does not yet have the unit of
magnetic charge times length until it is multiplied by µ0,
as a magnetic charge qm should appear in the formula
(force) F = qmH, with H appearing rather than B. [8]
Knowing that the effect is very weak, we insert in our
estimate rather large but presumably still achievable val-
ues of Lx, E0 and ω viz., 10 cm, 10
6 V/m, and 1012 Hz,
just to see what is the largest possible magnitude we can
obtain. We then obtain the magnitude of the induced ac
smf to be about 6.44×10−5 V. This is still very small, but
probably already sufficient for some purposes. One could
still connect many such devices in series in order to get
a larger smf (by another factor of 10 or even 100). Thus
one could conceivably generate a several-milli-volt smf
through such an inductive process. Since the frequency
used already corresponds to a wave length of about 2
mm, we need to limit Lz to be below about 1 mm, so
that the electric field experienced by all electrons in the
conducting sheets can be in phase. The length Ly has no
limitations except that it should not be too big, so it can
be, say, 10 cm. The heterostructure should then be in
a microwave cavity designed so that the (standing) wave
vector is in the z direction. (The wave vector should not
be in the x direction since the so-generated smf is pro-
portional to Lx, so we need Lx to be as large as possible.)
One could in principle also rotate the heterostruction in
a constant electric field to get the electrons to see an ac
field, but one can hardly rotate the device at ω = 1012
Hz, so this alternative approach is impractical.
The design shown in Fig. 1, with slight modification,
can also serve as a detector of a dc or ac spin current,
but we shall see that the sensitivity is quite low, so only
very large spin currents can be detected this way. One
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needs only remove the applied electric field to the device,
and send the spin current through the heterostructure
via the two terminals, and then detect an electric field
in the y direction that is generated by the spin current
outside the spin-current channel. The relevant law in-
volved is now the magnetic analog of the Ampe´re law,
Eq. 2. As we have already explained, the magnetization
due to all spin-up (or -down) electrons in a conducting
sheet is equivalent to a distribution of magnetic charges
of opposite signs on the two end faces at Lz = ±Lz/2.
Thus the motion of these electrons implies opposite mag-
netic charge currents at z = ±Lz/2. Together, they may
be viewed as a ring magnetic charge current in the xz
plane which can generate an electric field in the y direc-
tion. Looking at the conducting sheets from y = +∞ the
ring magnetic charge current on each conducting sheet is
clockwise from both spin-up and -down electrons (since
they are moving in opposite directions), for a spin cur-
rent in the +x direction. Thus they both generate electric
field in the +y direction. (Notice the minus sign on the
right hand side of Eq. 2.) Since each conducting sheet
is very thin, the ring magnetic charge current in it may
be treated as a line current. Then It is easy to work out
the magnetude of the electric field generated along the y
axis:
Ey(0, 0, y) =
n0∑
n=−n0
µB (n↑v↑ − n↓v↓) t Lz/2
2 π [(y − nd)2 + L2z/4]
, (5)
where t and d (asummed >> t) are the thicknesses of
each conducting and insulating sheet, respectively, and
(v↑, v↓) denote the velocities of the spin-(up,down) elec-
trons, respectively. We have also assumed that there are
2n0 +1 conducting sheets symmetrically placed between
y = −n0d and y = +n0d. Since d is still very small, we
can approximate the above sum by an integral. It gives
Ey(0, 0, y) =
µB t (n↑v↑ − n↓v↓)
π d
×[
arctan
(
y + n0d
Lz/2
)
− arctan
(
y − n)d
Lz/2
)]
. (6)
For e(n↑v↑ − n↓v↓) = 10
7 A/m2, and d = 10t, we calcu-
late the front factor to be 7.274 × 10−5 V/m. This is a
weak but observable electric field, but the very large spin
current used in this calculation can hardly be generated
by the induction method discussed above. However, in a
strongly polarized or half metallic ferromagnetic metal, a
very large polarized current can be generated with an or-
dinary emf. If such a current is sent through the present
device, a detectible electric field should be generated as
shown here, besides the magnetic field which must also
occur because a spin-polarized current is still a charge
current. Observing this electric field would then be a
definitive way to confirm the existence of a spin-polarized
current.
Integrating the above electric field along the whole y
axis, we find the total voltage drop along this axis to be:
∆V ≡
∫ ∞
−∞
Eydy = µB (n↑v↑ − n↓v↓) (t/d)Ly . (7)
For the same spin current and t/d considered in the
previous paragraph, and let Ly = 10 cm, we obtain
∆V = 7.274×10−6 V, which is a detectible voltage differ-
ence, but it is cetainly a very weak one. If the spin cur-
rent is ac, then the induced electric field is also ac at the
same frequency. One can then possibly use a resonance
technique to detect this electric field with an improved
sensitivity.
We conclude this work with some remarks: (1) The
conducting sheets can not be made of singlet supercon-
ductors, since if the spin-up electrons and spin-down elec-
trons form bound Cooper pairs then they can not flow
in opposite directions. p-wave superconductors do not
have this problem, and it has the advantage of contribut-
ing no internal spinoresistance, so it has the potential of
generating larger spin current, but one needs to worry
about suppressed order parameter in sheets much thin-
ner than their coherence length. So low-carrier-density
normal conductors with low resistance and low magnetic
and spin-orbit scattering centers are still the best bet
for making this device. (2) spinoresistance can result
from both scattering (which reduces electrons’ forward
momentum) and spin conversion. So in most good con-
ductors it should be of the same order of magnitude as
its usual resistance unless the conductor has a lot of
magnetic and/or spin-orbit scattering centers, in which
case its spinoresistance should be larger than its usual
resistance. (3) If the spin-up and -down currents can
be separated in a short section of the spin circuit using
half-metallic conductors, and the usual capacitors, in-
ductors, transformers, rectifiers, or transistors, etc., are
inserted in the two separate circuit branches, one would
have created a spinocapacitor, a spinoinductor, a spino-
transformer, a spinorectifier, or a spinotransistor, etc.,
but it doesn’t appear that they can allow spin circuits to
maintain their advantages over the usual charge circuits.
Thus more clever ideas are needed before spin circuits can
compete with the usual charge circuits for usefulness.
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